A new methodology for modeling Z-pin reinforcement in composite laminates is presented, in which continuum cohesive elements are used to represent the Z-pins. A coupled cohesive zone model is developed to incorporate both the interlaminar failure and the failure of Z-pins. The standard mode I/II delamination toughness tests of Z-pinned composite laminates and the Z-pinned composite T-joints subject to bending load were analysed. Comparison between the numerical simulation and the experimental results approved the applicability and validity of the present model. The modeling methodology allows for convenient implementation and is flexible enough to account for different Z-pin densities and distributions. The successful application of the methodology to other reinforcements has also been demonstrated.
tool; therefore several calculations have been carried out to analyze the failure of Zpinned composite laminates.
One possible approach to model the Z-pin response is averaging the Z-pin bridging forces over the whole interfacial area, namely, the equivalent distributed cohesive model. The mode I double cantilever beam (DCB) test was analyzed by Robinson and Das [5] and Dantuluri et al. [6] using this approach. It was shown to yield good results when the distance between these Z-pins is small enough; however, its accuracy drops significantly when the space between adjacent Z-pins is increased. The other feasible approach is modeling individual Z-pins as discrete nonlinear springs, these 2-D spring elements were connected between nodes located on the delamination surfaces. The mode I/II delamination toughness of Z-pinned laminates has been analyzed by Yan et al. [7, 8] , the mixed mode delamination has also been simulated with this methods by Zhang and her cooperators [9, 10] . Recently, this method was used for the numerical analysis of composite T-joints subject to shear, bending and pull-off load [11, 12] . However, the engineering application of this method suffers from several drawbacks in practice: (1) the spring element is defined by two initially coincident nodes on both sides of the potential delamination surface, which means the overall mesh and node coordinates have to be painstakingly designed, making it difficult and time-consuming to account for an arbitrary Z-pin density and distribution; (2) representing the bridging effect of individual Z-pins by single-node force is a serious potential source of numerical error [6] , which may preclude the convergence of computation(and the results become strongly mesh dependent); (3) only the axial stress can be undertaken by 2-D spring elements, the mode I bridging force that arrests the crack opening and the mode II bridging force that arrests the crack sliding are just the components of the axial force in orthogonal directions. Correspondingly, the mode I/II bridging forces follow exactly the same damage evolution law in 2-D spring element model, while there actually are some differences between experiments and numerical simulations. On the other hand, Zhang [13] presented a new modeling strategy that uses a cohesive zone model (CZM) for predicting delamination growth of Z-pinned laminates, while only mode I delamination was taken into account.
The main object of this paper is to introduce a new modeling methodology for analyzing Z-pinned composite laminates, and verify the feasibility and validity of the new model. A coupled CZM is presented here to incorporate both the interlaminar failure and the failure of the Z-pins. Cohesive elements of different constitutive behaviors were involved: a traditional bilinear cohesive law was used to simulate normal delamination of laminates, a novel mixed mode cohesive law was developed to represent the failure response of Z-pins. The bridging response of the Z-pins was obtained by a micro-mechanics model developed by the author [14] .
Modelling methodology

Single Z-pin model
The developed numerical model for analyzing the bridging mechanisms of Zpinning in composite laminates is briefly introduced here. The failure process of the Z-pin during single or mixed mode delamination is very complicated, consisting of debonding and frictional sliding at the interface between the Z-pin and surrounding matrix, resin deformation, Z-pin splitting and rupturing. As shown in Figure 1 , the splitting and rupturing within the Z-pin were simulated by CZM. The interfacial contact between the Z-pin and matrix was assumed to be initially bonded, followed by debonding and frictional sliding. The Z-pin was loaded via a prescribed displacement of the upper laminate, and the mode mix ratio was defined as the scale of its displacements along X and Z coordinates. Table 1 . The bridging response of the Z-pin in mixed mode delamination was predicted using the single Z-pin model. The bridging force vs. displacement in pull-off and shear directions can be obtained, the data shown in Figure 2 has been reduced, in order to be used as input parameters in the next section to obtain the mixed mode cohesive law.
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Mixed mode cohesive law for Z-pins
CZM on the base of traction laws are well suited for the analysis of delamination in composite structures [15] , in which the cohesive law is defined in terms of traction versus separation (displacement of cohesive element). The cohesive element usually is linear elastic at its initial stage; the process of degradation begins when the stresses and/or strains satisfy specified damage initiation criteria [16] . The maximum nominal stress criterion was utilized here: Once the corresponding initiation criterion is reached, the material stiffness is degraded; this is governed by the damage evolution law. A scalar damage variable, D, represents the overall damage in the material; it initially has a value of 0. It monotonically evolves from 0 to 1 upon further loading after the initiation of damage while the degraded K stiffness is determined as:
where K 0 is the initial stiffness. In this paper, the damage evolution law is extracted from the predicted mixed mode bridging forces, and the scalar damage variable is calculated as a function of the displacement:
Two different damage evolution laws, respectively corresponding to the mode I and II bridging response were obtained as shown in Fig. 3 . These relations will be used as inputs for the finite element model, presented in the next section. Figure 4 presents the modeling strategy for Z-pins in composite laminates. The cohesive elements used for simulating the laminate delamination were defined with two different cohesive laws: the mixed mode Z-pin bridging response (that has been introduced in the previous section) and the simple bilinear cohesive law representing the failure of the unreinforced laminate [17] . Both surfaces of the cohesive elements were connected with the adjacent laminate surface via the "Tie" constraint, available in the commercial software "ABAQUS". The displacement and stress were continuous at the interface while the element density and node coordinates can be different for the cohesive layer and the laminates. Hence, the mesh of the cohesive layer can be generated independently, making it easy to account for different Z-pin distributions without changing the mesh of the laminates. The cohesive stress is calculated by averaging the overall Z-pin bridging force over the whole cohesive element; consequently, the surface areas of the cohesive elements are not necessary to be identical at the Z-pin cross section.
Z-pin mesh generation
DCB and ENF simulation 3.1 DCB and ENF model
In this paper, the DCB test for measuring the mode I fracture toughness, and the End Notched Flexure (ENF) test for measuring the mode II fracture toughness have been simulated for both unpinned and Z-pinned composite laminates. The specimen geometry and material data were taken from [18] , and their configuration is shown in Figure 5 . 
Results and discussion
The failure process of Z-pinned the DCB specimen is shown in Figure 6 , it clearly indicates that the Z-pins were still bridging the laminates even when the crack tip propagated through them for quite a long distance. The predicted load-displacement curves of both DCB and ENF specimens are plotted in Figure 7 . The unpinned and Z-pinned DCB simulations agree with the experiments reasonably well, the damage initiation load and maximum load values from simulation coincide with the ones obtained from the experiments. For the ENF simulation, the damage initiation load was predicted accurately with the present model, while deviation between experiments and simulations came out after damage occurrence as instable crack propagation taking place for the unpinned ENF specimen in the experiments. 
T-joint simulations
T-joint bending test
The composite T-joint is made up of three T700/QY8911 laminates, the material properties of which are shown in Table 2 . The stringer and skin are connected by adhesive at the interface, as shown in Figure 8 . The ∆-filler region at the root of the stiffener was filled with unidirectional prepreg tape, and the filler is also connected with the laminates by adhesive film. The specimen was placed on a steel support during the experiment. The load was applied by an indenter with the same width as the specimen; the radius of the indenter nose is 5 mm. It was located 45 mm above the skin-stringer junction. At the end of the specimen, a steel fixture has been mounted for preventing specimen-support separation. The Z-pins were made of T300/BMI with the material properties shown in Table 2 . T700/QY8911 material properties Figure 8 . Composite T-joint specimen geometry and test configuration
Finite element model
A finite element model was developed for the T-joint specimen for which the mesh generation strategy is outlined in Section 2.2. The width of the model is equal to the pin to pin spacing, and the Z-pins are located in the mid-width as shown in Figure 9 . The laminates were meshed with a quadrilateral continuum shell element (SC8R), for which the reduced integration method with hourglass control was utilized. The 8-node cohesive three-dimensional cohesive element (COH3D8) was used for simulating both the laminate delamination and Z-pin failure process. The interface between the laminates and the filler was modeled by the "cohesive surface" method in ABAQUS, the cohesive law was identical as the one used for simulating the delamination of unreinforced laminates (see Table 3 ). Figure 9 . The finite element model of Z-pinned composite T-joint
1.15e6 25 15 0.252 0.665 Table 3 . Mechanical properties of cohesive elements for analyzing unreinforced laminates Figure 10 presents the failure process of T-joint specimens with and without Z-pin reinforcements, subject to bending load. The load-displacement curve is almost linear at the initial part of the curve until the onset of cracking. At the instance of damage initiation, a sharp drop of the load-displacement curve can be observed. The cracking occurred first at the interface between the filler and the laminates because of the high geometric stress concentration here and the large mismatch in the elastic modulus.
Results and discussion
As the nose displacement was increasing, the crack propagated into the interface between the skin and stringer followed by cracking on the other side of the filler. However, the load of Z-pinned specimen increased again with reduced slope, and exceeded thereby the value of the initial damage load. The damage initiation loads from both experiments and simulations coincide with each other, and the maximum load of Z-pinned specimen was predicted by the present model reasonably well. The mode I bridging stress history of Z-pins during the failure process is also shown in Fig. 10 . The rows of Z-pins were numbered by their distance from the filler, and the "Row 1" Z-pin is closest to the edge of the filler (see Figure 9. ). As the crack tip passed through, each row of Z-pins came sequentially into play which resulted in the higher loading capacity of Z-pinned T-joints as compared to that of of unpinned ones after the crack initiation.
Simulation for stitching
The present modeling methodology for Z-pinned structures has been validated in various applications in the previous sections: standard test methods such and DCB and ENF, and T-joints are frequently being used in composites. In this section, the applicability of the methodology was extended to the analysis of composite laminates reinforced by other kinds of reinforcement, like stitching. The bending failure of stitched T-joint is thus analyzed. The geometry and laminate information of stitched T-joints were identical as for the Z-pinned ones (Figure 8.) . The stitch fibers were Kevlar 964D yarns with a stitch-to-stitch spacing of 5 [mm] .
The bridging model for stitch reinforcements is derived from the experimental observation of the failure mechanisms of stitch yarns [19, 20] . The bridging force of stitch fibers increases at first instance monotonously with the crack opening displacement, and is ended with a sudden drop caused by the rupture of stitch fibers. Only a small friction force is active during the pull-out phases of ruptured thread. In this paper, the maximum stitching bridging force is calculated by the tensile strength, multiplied by the stitch yarn cross section area. The resulting bridging model used for numerical analysis is presented in Figure 11 . The predicted load-displacement curves from the present model are shown in Figure 12 . The zigzag" behavior of the load curves of stitched T-joint is more distinct than for the Z-pinned ones; this is mainly due to the fact that the stitch row supplies higher bridging force that prevents the crack from opening while the stitch to stitch spacing is bigger when compared with Z-pins. The cohesive stress that represents the stitch bridging effect is also sketched in Figure 12 , where the stitch rows were numbered in a similar way as shown in Figure 9 . Good correlation between the failure process of each row of stitching and the "zigzag" on the load curve can be observed. Hence, the present model has demonstrated its applicability in analyzing stitched composite structures. Figure 12 . Numerical simulation of stitched T-joint subject to bending load
Conclusions
In this paper, an improved method is presented, in which Z-pin reinforcement is represented by cohesive elements. The mixed mode cohesive law describing the bridging response of Z-pins was obtained with a meso-scale finite element model. The present method is used for analysing DCB/ENF tests of composite laminates, and the bending failure of Z-pinned composite T-joints. The comparison between experiments and numerical simulation demonstrate the applicability and show the accuracy of this modelling method. The methodology presented here is easy to carry outand is flexible enough for the accounting of different Z-pin configurations and laminate constructions.
Experiments and simulations indicate that Z-pinning may not increase the damage initiation load, while the maximum load of the T-joint was significantly improved. Other through-thickness-reinforcements such as stitching can also be taken into account using the present model, provided that their bridging response during mixed mode delamination is known.
